h The aim of this study was to examine the relationships between N-acetyltransferase genotypes, pharmacokinetics, and tolerability of granular slow-release para-aminosalicylic acid (GSR-PAS) in tuberculosis patients. The study was a randomized, two-period, open-label, crossover design wherein each patient received 4 g GSR-PAS twice daily or 8 g once daily alternately. The PAS concentration-time profiles were modeled by a one-compartment disposition model with three transit compartments in series to describe its absorption. Patients' NAT1 and NAT2 genotypes were determined by sequencing and restriction enzyme analysis, respectively. The number of daily vomits was modeled by a Poisson probability mass function. Comparisons of other tolerability measures by regimens, gender, and genotypes were evaluated by a linear mixed-effects model. The covariate effects associated with efavirenz, gender, and NAT1*3, NAT1*14, and NAT2*5 alleles corresponded to 25, 37, ؊17, ؊48, and ؊27% changes, respectively, in oral clearance of PAS. The NAT1*10 allele did not influence drug clearance. The time above the MIC of 1 mg/liter was significantly different between the two regimens but not influenced by the NAT1 or NAT2 genotypes. The occurrence and intensity of intolerance differed little between regimens. Four grams of GSR-PAS twice daily but not 8 g once daily ensured concentrations exceeding the MIC (1 mg/liter) throughout the dosing interval; PAS intolerance was not related to maximum PAS concentrations over the doses studied and was not more frequent after once-daily dosing. We confirm that the slow phenotype conferred by the NAT1*14 and NAT1*3 alleles resulted in higher PAS exposure but found no evidence of increased activity of the NAT1*10 allele. p ara-Aminosalicylic acid (PAS) was the first effective antituberculosis agent used to treat pulmonary tuberculosis (1); for a duration of 20 to 25 years, it was part of the standard "first-line" tuberculosis treatment (2). Valued for preventing resistance in companion drugs, it was nonetheless notorious for gastrointestinal intolerance, causing frequent nausea, vomiting, and abdominal discomfort. The replacement of PAS with rifampin and ethambutol was greeted with relief by patients, but with widespread multidrug-resistant (MDR) and extensively drug-resistant (XDR) tuberculosis in a number of countries, particularly in the developing world, PAS is again being used to treat drug-resistant tuberculosis.
p ara-Aminosalicylic acid (PAS) was the first effective antituberculosis agent used to treat pulmonary tuberculosis (1) ; for a duration of 20 to 25 years, it was part of the standard "first-line" tuberculosis treatment (2) . Valued for preventing resistance in companion drugs, it was nonetheless notorious for gastrointestinal intolerance, causing frequent nausea, vomiting, and abdominal discomfort. The replacement of PAS with rifampin and ethambutol was greeted with relief by patients, but with widespread multidrug-resistant (MDR) and extensively drug-resistant (XDR) tuberculosis in a number of countries, particularly in the developing world, PAS is again being used to treat drug-resistant tuberculosis.
The PAS preparation most commonly used in many countries is the granular slow-release (delayed-release) formulation (GSR-PAS), which prevents premature drug release in the stomach, avoiding the high PAS concentrations considered prone to cause intolerance. Several studies (3-7) have reported PAS concentrations associated with use of GSR-PAS in dosages from 4 g daily to 8 to 12 g daily in divided doses, as recommended by the World Health Organization (8) . As PAS is usually considered bacteriostatic, divided dosing aims to provide concentrations consistently exceeding the PAS MIC of approximately 1 mg/liter (9) (10) (11) . However, there is evidence from earlier studies that higher PAS concentrations may improve resistance prevention in relatively weak companion drugs and assist supervised programmatic drug administration (12) .
At low concentrations, PAS is metabolized mainly by acetylation by N-acetyltransferase-1 (NAT1) to form acetyl-PAS (12) ; although at first considered monomorphic (13) , it is now clear that PAS-acetylation is polymorphic (14) . Although PAS has been utilized in several studies as a probe investigating the phenotype of NAT1 alleles (15, 16) , particularly with a view to elucidate the role of NAT1 alleles in carcinogenesis, the potential pharmacokinetic consequences of different NAT1 genotypes in tuberculosis patients are uncertain.
In earlier papers, we described the pharmacokinetics of GSR-PAS in 10 children in comparison to a similar group of adults (6) and then the population pharmacokinetics of GSR-PAS in 73 adult MDR or XDR patients (17) . In the latter paper, we reported GSR-PAS pharmacokinetics following 4 g GSR-PAS twice daily in 41 patients and also in 32 patients randomized in a crossover study to receive 4 g GSR-PAS twice daily or 8 g once daily and showed that HIV-infected patients were exposed to lower PAS concentrations due to an interaction with efavirenz. We have since completed analysis of the NAT1 and NAT2 genes of the 32 patients receiving 4 g GSR-PAS twice daily or 8 g once daily and now describe the relationships between NAT1 and NAT2 genotypes, PAS concentrations, and tolerability of GSR-PAS following the two regimens.
MATERIALS AND METHODS
This was a randomized, two-period, open-label, crossover study with each patient receiving the two PAS regimens for 8 days per regimen. Patients aged Ն18 years with MDR or XDR tuberculosis admitted to the Brooklyn Hospital for Chest Diseases, Cape Town, South Africa, were prospectively enrolled if in a stable condition, on a clinically indicated antituberculosis regimen, including GSR-PAS, for at least 2 weeks, and had no concurrent condition making their participation unsuitable. These studies were approved by the Committee for Human Research, Stellenbosch University (no. 9/08/212). All patients provided written informed consent for the study and its associated genetic study. Exclusion criteria were severe anemia, diarrhea, or dehydration. The patient characteristics recorded were age, race, sex, weight, and concomitant medications. Of necessity, companion drugs varied according to the susceptibility patterns of the Mycobacterium tuberculosis isolates.
Drug administration. GSR-PAS was prescribed by attending physicians for all subjects as part of their multidrug regimens. Concomitant medication was allowed according to the resistance pattern of each subject and taking into account concurrent illnesses. HIV-infected patients received stavudine, lamivudine, and efavirenz.
All dose administrations were directly observed and were accompanied by either 100 g yoghurt or 125 ml amasi, an African curdled milk. These acidic beverages prevent early PAS release in the stomach (5). GSR-PAS was given 1 to 2 h before breakfast and also before other medications. All drug doses on study days were recorded, and patients were monitored for vomiting. Thirty-two patients were randomized to receive one of the two regimens. Blood samples were drawn at 0, 1, 2, 3, 4, 6, 8, 12, and 24 h postdose on days 8 and 16 to ensure that steady state was achieved before samples were drawn. On day 9, the regimens were crossed over. No washout period was implemented to avoid the further development of drug resistance in these patients.
For twice-daily dosing, patients received 4 g GSR-PAS every 12 h with other antituberculosis drugs and antiretroviral agents if patients were HIV infected. The second dose for the twice-daily regimen was given immediately after the 12-h blood sampling and 1 1/2 to 2 h after the evening meal.
For once-daily dosing, patients received 8 g oral GSR-PAS once daily with other antituberculosis drugs and antiretroviral agents if HIV infected.
Three-milliliter blood specimens were collected in EDTA-containing tubes through a catheter inserted into a forearm vein; samples were collected on ice and centrifuged for 10 min at 3,500 ϫ g, and plasma was promptly harvested and frozen at Ϫ80°C awaiting analysis. The remainder was used for genetic analysis.
One patient was discharged from the hospital after receiving 4 g GSR-PAS twice daily, and two discharged patients similarly received only the 8-g once-daily dose. AACAATAAACCAACATTAAAAGCTT) , respectively. The cycling conditions consisted of initial denaturation at 94°C for 5 min, followed by 35 cycles of alternating denaturation at 95°C for 30 s, annealing at 60°C for 40 s, and polymerization at 72°C for 80 s. This was followed by extended polymerization at 72°C for 10 min. Thereafter, sample tubes were cooled to 4°C.
Genotyping
The amplified domain is demarcated by nucleotides 117 to 1648 of the gene sequence and contained 22 NAT1 single nucleotide polymorphisms (SNPs), 19 exonic, and 3 located within the 3=-untranslated region of the gene. This PCR-amplified domain was analyzed via bidirectional Sanger sequencing at the Central Analytical Facility, Stellenbosch University. Variant analysis and SNP calling were performed using the software program Sequencher version 5.1 (Gene Codes).
NAT2 genotyping was done by analysis of the 191G¡A, 282C¡T, 341T¡C, 481C¡T, 590G¡A, 803A¡G, and 857G¡A SNPs, which delineated the NAT2*14, -2*3, -2*5, -2*11, -2*6, -2*12, and -2*7 alleles, respectively. The NAT2 gene sequence (http://www.ncbi.nlm.nih.gov /nuccore/219871) analysis also proceeded via an initial PCR amplification, subsequent restriction enzyme digestion, and allele-specific-PCR analyses, as previously described (18) .
PAS analysis. PAS concentrations were quantified by the validated high-performance liquid chromatography-tandem mass spectrometry assay previously described (6) . Analysis of quality control samples found good reproducibility and a coefficient of variation (CV) of Յ5%; between-sample differences did not exceed 2.5%. The lower limit of quantification was 0.01 mg/liter; all observed drug concentrations exceeded this limit.
Pharmacokinetic analysis. The pharmacokinetic model for the PAS disposition in tuberculosis and tuberculosis-HIV patients was a one-compartment model with 3 transit compartments, as previously described (17) . The covariates screened were treatment or dosing regimen, HIV status, gender, race, age, body weight, and the NAT1 and NAT2 genotypes. The hypothesis testing to discriminate among alternative hierarchical structural models was based on the P values for the forward inclusion of 0.05. The covariate model was based on the equation
, where i and ij define the interindividual and interoccasion variabilities, respectively. Continuous covariates X 1 , . . . , X k were incorporated as a proportional model centered on the median value of the covariate, and categorical or discrete covariates Y 1 , . . . Y l , wherein dummy variables 0 and 1 were used to represent absence and presence, respectively, were included in the parameter as exponential models. Given the exploratory nature of the study, model selection was based on maximum likelihood statistics (defined as negative twice the log likelihood), goodness of fit, and visual predictive checks (VPC) (with 5,000 simulated profiles).
The time above the MIC (TϾMIC) was computed by taking the logconcentration-time profile and utilizing the linear imputation function approxfun in R to estimate the time in the ascending phase and the time in the descending phase that intersect the MIC value; the difference between these two time points divided by the respective dosing interval and converted to percentage became the parameter %TϾMIC.
Gastrointestinal intolerance. Gastrointestinal intolerance was assessed using self-rating visual analogue scales (VAS) for diarrhea, nausea, bloating, and abdominal pain. The far left of the 10-point scale indicated no intolerance and the far right severe intolerance. Vomiting was scored by the number of times it occurred. Patients were individually interviewed daily, and the scales were thoroughly explained before completion; this took place 2 to 3 h after the last daily meal. Occurrence of intolerance refers to any reported experience of intolerance by a patient during any one of 8 observation days on each regimen. Intensity of intolerance refers to the single highest visual analog score out of a possible score of 10 allotted by a patient to a particular symptom on any of the 8 days of observation on each regimen.
Count model. Daily vomit frequencies over 8 days were evaluated using a Poisson model, as previously described (19, 20) . The suitability of the Poisson model was evaluated by plotting the individual mean frequency against variance to evaluate for equidispersion. The Poisson probability mass function has the form f(n; ) ϭ P(Y ϭ n) ϭ ( n ϫ e Ϫ )/n!, where is the expected average number of vomits daily and n is the actual observed number of vomits daily. An exponential interindividual variability term was incorporated into the parameter; time, treatment, and covariate effects on were also evaluated:
where t j represents time and f(t j ) ϭ exp(␥t j ) is the form used to evaluate time effect. i describes the interindividual variability. X 1 , . . ., X k refer to the continuous covariates 1 to k that were tested; ␣ 1 , . . . ,␣ k are coefficients associated with continuous covariates. For discrete covariates Y 1 , . . . , Y l , the corresponding coefficients are ␤ 1 , . . . , ␤ l . Covariates that were evaluated for their potential effect on were the same as the ones evaluate for PAS pharmacokinetics, with the exception that the observed PAS maximum concentration (C max ) and the observed area under the concentration-time curve (AUC) were also evaluated.
The predictability of the final model was evaluated using a visual predictive check wherein 1,000 C max values were simulated from a uniform distribution, (minimum [min] ϭ 10 ng/ml, and maximum [max] ϭ 135 ng/ml). The frequencies of individuals with 0 to 5 daily vomits were estimated and compared with the actual observed frequency, plotted as a histogram, to evaluate the predictive performance of the final model. Statistical methods. This was an observational study without a priori power calculation. Potential subjects were patients placed on PAS-containing regimens by their physicians. Based on experience, we estimated the period of time that would allow recruitment of at least 20 consenting subjects and proceeded to recruit all available subjects during this period.
Numerical data were summarized as median (range) as most quantitative variables did not have normal distributions. Genotype data were summarized as counts (frequency/proportion) for regimens and separately for race. For each individual, pairs of haplotypes were inferred, together with their probabilities; hence, haplotypes were summarized as frequencies (proportions). Other categorical traits were summarized as counts and percentages for the regimens separately. Logistic regression provided the P values for race differences in the genotype distributions and sex differences, adjusted for race. Genotype distributions were tested as categorical variables. Where genotype results were significant, a doseresponse coding (additive allelic) was tested for each allele separately.
Both the pharmacokinetic and the intolerance results were obtained for the same patients at different times on separate regimens, which created pairs of correlated outcomes. We tested whether there was a difference in any outcome between those who had the once-daily regimen first and those who had it last. No differences were statistically significant, so we ignored this factor in further analyses. Linear and logistic mixed-effects models enabled the use of a patient-level random effect to adjust for the correlation between observations of the same patient and also allowed inclusion of observations of patients not completing both regimens. To obtain valid results, some numerical outcomes were transformed (log, square root) toward normality for modeling. All tests were adjusted for confounders, such as regimen, gender, and race, where possible, by including them in the models as fixed effects. The significance of effects (P values) and effect sizes (differences with 95% confidence intervals) are from the results of the confounder-adjusted models.
Software. The nonlinear mixed-effects modeling of PAS disposition was performed using NONMEM (version VII.2) and NM-TRAN preprocessor with first-order conditional maximum likelihood estimation and -interaction, running G-fortran 95. The subroutine was ADVAN6 with a tolerance value of 9. The visual predictive check was performed with PerlspeaksNONMEM 3.5.5 running ActivePerl 5.12. The Poisson probability mass function model was coded to run on NONMEM with firstorder conditional estimation and Laplacian procedure.
Statistical analyses were done with functions from base R (version 3.1.0) and R packages: genetics for genotype and allelic counts and haplo.stats for inferring and modeling NAT2 haplotypes, lme4 (linear mixed-effects models), and MASS for logistic mixed-effects models.
RESULTS
Thirty-two patients, 18 male (56%), with resistance to at least isoniazid and rifampin and a clinical indication for PAS use were enrolled. Twenty-seven patients (84%) were of mixed race, and 5 (16%) were black. Nine patients (28%) were HIV infected. and glomerular filtration rate (median, 88 ml/min; range, 37 to 206 ml/min) gave no indication of serious renal pathology; the patients' median alanine transaminase value was 16 U/liter (range, 5 to 57 U/liter). Table 1 provides details of NAT1 and NAT2 alleles and genotypes and inferred haplotypes. The most common NAT1 genotype was *4/*10, found in 14 patients (44%); the putative NAT1 slowacetylator genotype *14A (21, 22) was present in only 2 (6%) patients; 66% of patients were either heterozygous or homozygous NAT2 rapid acetylators (*4). The NAT2 genotype distributions differed between races (P ϭ 0.046): specifically, black patients had a much higher NAT2*6 frequency (80%) than in the mixed-race patients (26%; P ϭ 0.001), and this was reflected in much higher 1*10/2*6 (60% versus 22%) and 1*4/2*6 (80% versus 15%) haplotype frequencies in black than mixed-race patients.
The distribution of the NAT1 and NAT2 alleles and haplotypes in our mixed-race patients and a small number of black patients is similar to that reported in previous studies of southern African populations (23, 24) . The allele frequencies adhere to HardyWeinberg equilibrium. The occurrence of different NAT1 alleles and genotypes did not differ between the mixed-race and black patients (P ϭ 0.77). The putative low-activity allele NAT1*14 occurred with a low frequency in our population similar to that reported for other populations (22) . However, in comparison to mixed-race patients, the small number of black patients had significantly more slow NAT2 alleles (P ϭ 0.046) and slow genotypes (P ϭ 0.022).
The PAS concentrations and exposure following 4 g twice daily and 8 g once daily are summarized in Table 2 . As expected, the once-daily regimen produced higher maximum concentrations (P Ͻ 0.001) and areas under the concentration-time curve from 0 to 12 h (AUC 0 -12 ) than the twice-daily regimen (P Ͻ 0.001); the time to maximum concentration (T max ) occurred later in the once-daily regimen (P ϭ 0.006). Following the twice-daily regimen, only one patient was exposed on one occasion to values of Ͻ1 mg/liter; following the once-daily regimen, however, 16 (52%) patients had a concentration at 0 h (C 0 ) value of Ͻ1 mg/liter, and 12 (39%) patients had a C 24 value of Ͻ1 mg/liter (all at P Ͻ 0.001). The percentages of time above MIC over the 24-h interval (%TϾMIC) were significantly different between the regimens (P ϭ 0.0003).
There were considerable interindividual variations in PAS pharmacokinetics following both regimens as noted previously (3, 6) . For several patients receiving both regimens, concentrations appeared to be still rising at the end of the 12 h of intensive sam- pling. For this reason, a previous pharmacokinetic model using a 1-compartment disposition model with its absorption described by a 3-transit compartment in series was used to evaluate the effect of polymorphisms in NAT1 and NAT2 on PAS pharmacokinetic (17) . Efavirenz interaction as a function of PAS clearance had the greatest difference in the log-likelihood function, followed by NAT1*14, NAT1*3, NAT2*5, and gender. Due to the strong PASefavirenz drug-drug interaction, only the forward insertion without backward elimination was carried out to detect all likely effects of polymorphisms. Dosing regimen was not a significant covariate of oral clearance. The model simultaneously described both dosing regimens with a single set of parameters, as listed in Table 3 . The corresponding visual predictive check of the final model stratified by dosing regimen is shown in Fig. 1 . The structural parameters from this subset of data were very close to those previously reported (17) . The final model that included all of the covariates resulted in a significant drop in objective function value of 92.633 U. The exponential coefficients for the covariate effects associated with efavirenz, gender (male), and NAT1*3, NAT1*14, and NAT2*5 alleles were 0.226, 0.315, Ϫ0.19, Ϫ0.664, and Ϫ0.32, which corresponded to 25, 37, Ϫ17, Ϫ48, and Ϫ27% changes in oral clearance of PAS, respectively. It is noted that HIV status is not a significant covariate of PAS clearance, further ruling out that the effect of efavirenz could be confounded by the disease state of the patients. To exclude body weight as being a confounding variable of gender, body weight was tested as a covariate of the model and was not a significant covariate of the pharmacokinetic model. The effect of efavirenz resulted in an increase of 25% in oral clearance, whereas all of the slow-acetylator phenotypes with NAT1*3, NAT1*14, and NAT2*5 alleles had a decrease in PAS oral clearance.
To evaluate how these changes affect the exposure of PAS, the observed C max , AUC, and %TϾMIC were subjected to comparative statistical evaluation. The effect of efavirenz on PAS disposition was previously reported (17) and will not be discussed here. Women had a significantly higher C max (difference of 22.4 mg/ liter; 95% confidence interval [CI], 7.4 to 22.4 mg/liter; P ϭ 0.003) and AUC 0 -12 (difference of 216 mg · h/liter; 95% CI, 54 to 378 mg · h/liter; P Ͻ 0.007) than men following both regimens (Fig. 2) . %TϾMIC values were not significantly different between genders.
The NAT1*14A allele was associated with a significantly higher PAS C max (difference of 51.6 mg/liter; 95% CI, 26.9 to 76.2 mg/ liter; P Ͻ 0.001) and AUC 0 -12 exposure (difference of 458 mg · h/liter; 95% CI, 179 to 738 mg · h/liter; P ϭ 0.002) irrespective of regimen, and these findings are illustrated in Fig. 3B . The NAT2*5 allele (Fig. 3C ) was also associated with an increase in C max (difference of 14.3 mg/liter; 95% CI, 4.4 to 24.2 mg/liter; P ϭ 0.006) and AUC 0 -12 (difference of 149 mg · h/liter; 95% CI, 42 to 257 mg · h/liter; P ϭ 0.008). Individuals with two NAT2*6 alleles had significantly lower C max ( Fig. 3D ; P ϭ 0.034). The NAT1*10/*3 genotype was encountered in only one patient, who was discharged after receiving 8 g once daily but had among the highest C max values (125 mg/liter) and the highest AUC 0 -12 (1,080.8 mg · h/liter); the C 24 concentration was 33.2 mg/liter. We found no evidence of association of the NAT1*10 allele with increased enzymatic activity (Fig. 3A) ; neither C max (P ϭ 0.460) nor AUC 0 -12 (P ϭ 0.514) differed significantly in individuals with this allele. The estimated effect of each NAT1*10 allele was a reduction of 3.9 mg/liter (95% CI, Ϫ14.5 to 6.8 mg/liter) in C max and a reduction of 37 mg · h/liter (95% CI, Ϫ154 to 79 mg · h/liter) in AUC 0 -12 .
The occurrence and intensity of intolerance experienced by patients judged by visual analogue scales completed daily over each 8 days of PAS treatment are shown in Table 4 . The daily scores by dosing regimens are shown in Fig. 4 . Although a majority of patients experienced some form of intolerance on one or more days, the scores for intensity of the relevant symptom out of a possible score of 10 were generally low, and this is reflected in the low median value for the maximum intensity of each form of intolerance recorded over the 8 study days by each patient. The occurrence of symptoms and their intensity did not differ between regimens, with the exception of abdominal pain and cramps, which were more frequent following twice-daily GSR-PAS (P ϭ 0.014). More than half of all scores recorded on each study day were 0, indicating no symptoms at all. Abdominal pain and cramps were experienced at least once-more frequently in men than women (63% versus 23%; P ϭ 0.001)-as were nausea (63% versus 23%; P ϭ 0.018) and diarrhea (86% versus 42%; P ϭ 0.007).
Regarding the interaction of pharmacokinetics and intolerance, neither C max nor AUC 0 -12 was associated with intolerance. There was also little indication of the effects of the various alleles on intolerance: NAT1*14A was associated with the intensity of bloating (P ϭ 0.029), NAT1*3 was associated with the intensity of abdominal pain and cramps (P ϭ 0.004) and diarrhea (P ϭ 0.037), and among the NAT2 alleles, only NAT2*14 was associated with the intensity of abdominal pain and cramps (P ϭ 0.011), nausea (0.036), and diarrhea (P ϭ 0.007). A higher degree of intolerance (abdominal pain and cramps and diarrhea) was associated with lower minimum concentration (C min ) (P ϭ 0.011). The estimates corresponding to the significant effects were extremely imprecise and are therefore not given. The observed median frequency of vomiting was 0 for both dosing regimens (Table 4) , whereas the mean frequencies were 0.12 and 0.1 day Ϫ1 in the 4-g twice-daily and 8-g once-daily regimens, respectively. The difference in frequency was not statisti- (25) . For these reasons, the vomit frequency data were modeled using Poisson probability mass function. The time effect on the parameter, as expected, did not improve the model, as judged by the log-likelihood ratio test. The treatment (or dosing regimen) effect also was not statistically significant, and neither were NAT1 or NAT2 alleles. The final model included the C max of PAS as a covariate of the model. Even though the difference in objective function value of 3.466 (P ϭ 0.06) was borderline nonsignificant, we decided to include the C max as a covariate in the final model. The exponential covariate relationship was implemented after we realized that the relationship between vomit frequency and C max was not linear. The model-predicted baseline frequency was 0.0149 vomits/day (Table 5 ). The exponential coefficient for the covariate equation associated with the median-centered C max was 0.873. The exponentially distributed interindividual variability of the parameter was 160% in the CV.
The model was qualified by simulating 1,000 uniformly distributed C max values ranging from 10 to 135 mg/liter and estimating the distribution of vomiting by using the model parameters. Figure 5 shows that the Poisson model-simulated distribution of the number of daily vomits is similar to the observed distribution.
DISCUSSION
PAS, for many years removed from consideration for tuberculosis treatment, has regained importance for management of extensively drug-resistant tuberculosis and might also be used following toxicity to first-or second-line drugs. Our study for the first time compares PAS concentrations achieved in the same patients following two regimens of GSR-PAS and the influence of NAT1 and NAT2 genetics on PAS concentrations and their influence on tolerability.
Accepting that PAS is a bacteriostatic drug; current recommendations for use in adults suggest 8 to 12 g PAS daily in two to three divided doses (8) and emphasize the maintenance of PAS concentrations above a MIC of approximately 1 mg/liter. Previous studies of GSR-PAS have found that 4-g doses twice daily were sufficient to maintain PAS concentrations above the MIC during a dosing interval but that a once-daily 4-g dose is insufficient for this purpose (3, 4) . Our study found that although a minority of patients maintain concentrations above 1 mg/liter following oncedaily dosing with 8 g GSR-PAS, half of the patients studied had C 0 values of Ͻ1 mg/liter with a median %TϾMIC of 94.6%. As we did not determine PAS concentrations for longer than 12 h after dosing, we cannot say with certainty at what point maximum concentrations were reached and when some concentrations fell below 1 mg/liter following the 8-g once-daily dosing regimen: al- though Fig. 1 suggests concentrations might have remained Ͼ1 mg/liter for the greater part of the dosing interval, PAS concentrations can fall rapidly once C max has passed (3). Whether slow release of PAS by the GSR-PAS formulation changes this paradigm at higher doses is uncertain. Our analysis of NAT1 genetics and their relationship to PAS concentrations confirmed the loss of activity associated with the NAT1*14 allele; however, we found no evidence that NAT1*10 is associated with increased activity (26) . Interestingly the single patient with a NAT1*10/1*3 genotype had particularly high PAS C max and AUC 0 -12 , similar to two patients with a NAT1*14 allele, suggesting reduced enzyme function. A previous in vitro study among a Han Chinese population using para-aminobenzoic acid also found NAT1*3 associated with reduced enzyme activity (27) . The influence of NAT2 genes on PAS metabolism found in our study is intriguing and reflects similar interactions between the NAT1 and NAT2 genes regarding aspects of carcinogenesis (28) .
One of our most interesting findings was the considerably higher PAS exposure in female patients compared to males. The weights of female patients did not differ from those of males, and our analysis taking weight into account found the difference in weight to be an insufficient explanation for the greater PAS exposure or lower PAS clearance in females. Two factors may offer an explanation. First it has been shown that NAT1 activity is androgen induced, and this may constitute a risk factor for cancer induction (29) . Second it is known that NAT1 is widely expressed in muscle tissue, and males might have a greater muscle bulk than females (26) . Early studies of the efficacy of regimens of PAS and streptomycin and PAS, streptomycin, and isoniazid did report better efficacy in females than males, but this was not statistically significant (30) .
Regarding tolerance, several early studies of PAS pharmacokinetics found single daily doses better tolerated than divided doses (31, 32) . Our study found little difference between once-daily and divided dosing but if anything suggests once-daily dosing was associated with less intolerance than twice-daily dosing. Regarding the influence of other aspects of pharmacokinetics, C min was associated with both abdominal pain and discomfort and diarrhea. Perhaps the more rapid absorption of PAS and its metabolism to a product such as acetyl-PAS might be responsible for increased abdominal pain. A previous study of GSR-PAS found it "well tolerated," and our experience supports this opinion (3) . Overall, although a majority of patients experienced one or more episodes of intolerance during 16 days of observation, the intensity of discomfort recorded was low, and the majority of responses were zero.
It should also be noted that other early studies also reported not only better tolerance of once-daily PAS doses but also improved efficacy (33) . In early studies by the British Medical Research Council from 1952 (34) , it was also shown that when administered with another relatively weak drug, such as streptomycin, prevention of resistance was considerably better with a daily dosage of 20 g in divided doses than after 10 g in divided doses, implying an advantage in reaching higher concentrations. John Crofton in a 1959 review paper emphasized that in the presence of any weakness in a regimen, a PAS dosage of 20 g daily should be preferred (2) . Early laboratory studies (35, 36) and more recent studies have also demonstrated that PAS resistance occurs over a range of concentrations, and increasing the peak concentrations of PAS may well inhibit some of these bacilli from exceeding the mutant prevention concentration for PAS (10) . Finally, although usually considered bacteriostatic, when evaluated in a study of early bactericidal activity in pulmonary tuberculosis patients, a single daily dosage of 15 g PAS had activity close to that of rifampin during the first 2 days of therapy (37) .
The limitations of our study include the relatively low numbers of patients studied, especially the number of individuals with the slow genotypes NAT1*3 and -*14, and the fact that we did not determine concentrations of acetyl-PAS or other metabolites. A control group receiving second-line agents without PAS might clarify how much of the relatively low level of intolerance documented was in fact due to GSR-PAS and not accompanying second-line agents, such as ethionamide.
In conclusion, we show that when the total daily dose is the same in both regimens, the twice-daily 4-g GSR-PAS regimen but not the 8-g once-daily GSR-PAS regimen will ensure concentrations exceeding the PAS MIC of 1 mg/liter throughout dosing intervals, and PAS intolerance is not associated with serum PAS concentrations over the doses studied. We observed the slow phenotype of NAT1*14 and NAT1*3 alleles was associated with greater PAS exposure. However, the broader generalization may be limited, due to the small number of individuals belonging to these genotypes. No evidence of increased activity of the NAT1*10 allele was found in this study. Our literature review suggests that GSR-PAS once daily be explored as possibly being more efficacious in preventing resistance in companion drugs than intermittent dosing without necessarily causing greater intolerance.
